In this work, the characteristics of the InGaP/GaAs heterojunction bipolar transistors with different emitter-edge-thinning thickness were systematically investigated. A stronger downward-band-bending phenomenon was observed at the edge of emitter-edgethinning intersection with the exposed base surface. This band bending induced the presence of a potential saddle point, which substantially increased the recombination rates and electron densities. In addition, the decision of emitter-edge-thinning thickness plays a key role in reducing surface recombination at the potential saddle point. As the emitter-edge-thinning thickness was selected between 100 and 200 Å, the lowest recombination rate and electron density and highest dc current gain could be obtained. It is well known that the high electron mobilities and velocities in III-V compound semiconductor materials make GaAs-or InPbased heterojunction bipolar transistor ͑HBT͒ and switch devices attractive for high-speed integrated circuit ͑IC͒ applications.
It is well known that the high electron mobilities and velocities in III-V compound semiconductor materials make GaAs-or InPbased heterojunction bipolar transistor ͑HBT͒ and switch devices attractive for high-speed integrated circuit ͑IC͒ applications. [1] [2] [3] [4] However, for a typical GaAs-based HBT, a lateral diffusion of injected carriers at the exposed base surface between the emitter mesa sidewall and the base ohmic contact leads to the considerable recombinations between electrons and holes. [5] [6] [7] [8] [9] In addition, a capture of electrons and holes by surface traps results in an emitter size dependence on the current gain. [5] [6] [7] [8] [9] Tiwari and Frank demonstrated that a two-dimensional ͑2D͒ potential saddle point at the emitter mesa sidewall intersects with the exposed base surface, directly injecting electrons from the emitter into the exposed base surface region. 10 This phenomenon increases the base surface recombination current. 10 For practical high-speed digital and microwave applications, elimination of the emitter size effect is a crucial issue. Typically, the emitter-edge-thinning structure is an effective method to reduce surface recombination current and emitter size effect. [5] [6] [7] Also, the emitter-edge-thinning structure could improve HBT reliability performance. 11 However, little detailed and systematic investigation related to the influence of emitter-edge-thinning thickness on base surface properties has been found. Generally, if the emitter-edgethinning structure is too thick or heavily doped, current will flow through the undepleted emitter-edge-thinning surface, which increases the emitter size effect. Thus, significant surface recombination could be found at the edge of the emitter-edge-thinning structure. 5, 11 In contrast, as the emitter-edge-thinning structure is too thin, it may not effectively passivate the exposed base surface. 5, 11 Therefore, the thickness of the emitter-edge-thinning structure is a key factor affecting HBT performance and should be carefully considered.
In this work, comparative studies of InGaP/GaAs HBTs with different thickness of emitter-edge-thinning structure were implemented. A 2D semiconductor simulation package ATLAS 12, 13 was used to analyze energy band diagrams, recombination rates, and electron densities of the studied devices. Related devices were also fabricated and compared in this work. Furthermore, good agreement between theoretical and experimental results was obtained.
Theoretical Consideration and Device Structure
In order to coincide with the experimental structure, the simulated devices are assumed to be symmetric along the center line of emitter contact. This symmetric structure allowed us to analyze only half of the total device. The cross section of a simulated device is depicted in Fig. 1 ͒. For comparison, six devices denoted A, B, C, D, E, and F with different thickness ͑t͒ of emitter-edge-thinning structure are employed in this work. The corresponding emitter-edge-thinning thickness for devices A, B, C, D, E, and F are 0, 60, 100, 200, 300, and 400 Å, respectively. The length of the emitter-edge-thinning structure is 0.8 m for all studied devices. The emitter dimension and space between base contact and emitter-edge-thinning structure are 6 ϫ 6 m 2 and 2 m for simulated and experimental devices, respectively. Experimentally, the device A was fabricated by traditional HBT processes including photolithography, vacuum evaporation, and chemical wet selective etching without any emitter-edgez E-mail: wcliu@mail.ncku.edu.tw thinning structure. For other emitter-edge-thinning-structure devices ͑B-F͒, the emitter-edge-thinning structure was formed after emitter mesa etch. Then, the length and width of the emitter-edge-thinning structure were defined by the emitter-edge-thinning mesa pattern. Etching solutions of H 3 PO 4 /H 2 O/2H 2 O = 1:1:20 and H 3 PO 4 /HCl = 1:1 were used to etch the GaAs and In 0.49 Ga 0.51 P, respectively. The emitter-edge-thinning thicknesses of our studied devices were measured and calibrated by scanning electron microscopy ͑SEM͒ and ␣-step measurements. The concentrations of donor and acceptor traps equal 10 13 cm −2 , and their levels are located at 0.8 eV below the conduction band. 10 The surface recombination velocities of 10 3 and 10 6 cm/s are for the InGaP and GaAs layers, respectively.
14

Results and Discussion
It is well known that the Fermi-level pinning effect leads to the formation of a saddle point in the conduction band potential at the emitter mesa sidewall intersection with the exposed base surface where electrons are easily injected from the emitter into the exposed base surface region. 10 In order to further study the physical phenomena near the saddle point, the energy band diagrams along the cut line E-EЈ ͑as seen in Fig. 1͒ of the studied devices A ͑without any passivation͒ and D ͑with a 200 Å thickness emitter-edge-thinning structure͒ are shown in Fig. 2 . For comparison, the corresponding energy band diagrams along the cut line L-LЈ ͑as seen in Fig. 1͒ are also illustrated in Fig. 2 . Apparently, for device A the band diagram, in cut line E-EЈ, at the emitter mesa sidewall intersection with the exposed base surface ͑Y = 0.12 m͒, shows a much stronger downward band bending as compared with the device D. The surface Fermi level pinning near the emitter mesa edge leads to surface depletion and a strong downward bending of the bands. This band bending induces the presentation of potential saddle point at the emitter mesa sidewall intersection with the exposed base surface; 10 the band bending phenomenon along the cut line E-EЈ of the device D is suppressed. However, the band diagram in cut line L-LЈ of device D, at the edge of the emitter-edge-thinning intersection with the exposed base surface ͑Y = 0.12 m͒, still presents a much stronger downward band bending. This implies that electrons presented near the edge of emitter-edge-thinning would be preferentially injected into the unpassivated base surface. Then, the remarkable surface recombination would be found at the edge of the emitter-edge-thinning structure. Therefore, the influence of emitteredge-thinning thickness on the surface recombination is a crucial issue and should be carefully considered.
The unpassivated GaAs base surfaces possess a large density of extrinsic states near the middle of the forbidden energy gap, which effectively pin the surface Fermi level at that position. 8, 9 These pinning states at the unpassivated base surface create a surface recombination pathway, i.e., the surface channel, from the potential saddle point toward the base contact. The calculated recombination rates of the studied devices A ͑without any passivation͒ and D ͑with a 200 Å thickness emitter-edge-thinning structure͒ are shown in Fig. 3 . The biased voltages are fixed at V BE = 1 V and V CB = 0 V. For device A, the peak value of main recombination rate occurs at the edge of the emitter mesa sidewall ͑X = 3 m͒. With the relativity higher recombination rates than the other region, the significant surface channel is located from the potential saddle point and extended in the direction toward the base contact. The excess minority carriers ͑electrons͒ will be laterally injected from the potential saddle point into the surface channel and be recombined with majority carriers ͑holes͒. It certainly elevates the recombination rate within the surface channel. For the device D, the recombination rate within surface channel is considerably reduced by using an emitter-edgethinning structure on the exposed base surface. Device D has a lower recombination rate which is about 5 orders in magnitude lower than that of device A at X = 3 m. However, the recombination rate of device D becomes drastically increased at the edge of emitter edge thinning ͑X = 3.8 m͒. The peak value of the main recombination rate is 5.94 ϫ 10 22 s −1 cm −3 for device D. This indicates that ͑i͒ the potential saddle point indeed present at the edge of the emitter-edge-thinning structure and ͑ii͒ the recombination rate and surface channel phenomenon can be effectively suppressed by employing an appropriate emitter-edge-thinning structure.
Recombination-rates and electron densities along the cut line E-EЈ and L-LЈ ͑as seen in Fig. 1͒ of the studied devices with different emitter-edge-thinning thicknesses are shown in Fig. 4a and b, respectively. In Fig. 4a , as mentioned above, due to the much stronger downward band bending of device A at the emitter mesa sidewall, the largest recombination rate and electron density are revealed at Y = 1.2 m. The peak values of recombination rate and electron density are 6.11 ϫ 10 24 s −1 cm −3 and 3.2 ϫ 10 11 cm −3 for device A, at Y = 1.2 m, respectively. In contrast, the electron injecting phenomena along the cut line E-EЈ of the passivated devices B-F are suppressed by using the emitter-edge-thinning structure on the exposed base surface. As compared with the unpassivated device A, the magnitude of recombination rates and electron densities in cut line E-EЈ, at Y = 0.12 m, for passivated devices B-F could be relatively neglected. However, the potential saddle point of the passivated devices B-F still presents at the edge of emitter edge thinning ͑X = 3.8 m͒. In Fig. 4b , as electrons fall in the downward band bending, it would certainly elevate the recombination rates and electron densities at the potential saddle point for devices B- , respectively. From simulated results, if the employed emitter-edge-thinning structure is too thick, such as devices E and F, an additional leakage path is developed which results in the increase of electron densities and recombination rates at the edge of the emitter-edge-thinning structure. 5, 11 In contrast, as the used emitter-edge-thinning structure is too thin, the blocking effect on electrons is deteriorated seriously. 5, 11 Therefore, the electron densities and recombination rates of device B ͑t = 60 Å͒ are larger than those of devices C and D ͑t = 100,200 Å͒.
The comparison of Gummel plots between experimental and simulated devices at, V CB = 0 V is shown in Fig. 5 . The used emitter area is A E = 6 ϫ 6 m 2 . Clearly, all studied devices have the same collector current density J C . Moreover, the base current density J B of device A is substantially larger than that of other passivated devices over the whole applied base-emitter voltage ͑V BE ͒ regime. It indicates that the surface recombination and surface channel phenomenon could be suppressed by the employment of an emitter-edge-thinning structure. In addition, device D has the lowest J B values over the whole V BE regime. Therefore, the appropriate emitter-edge-thinning thickness plays an important role in suppressing surface recombination at the edge of the emitter-edge-thinning structure.
The relationships between the dc current gain ␤ F and emitteredge-thinning thickness t for simulated and experimental devices under different collector current densities are shown in Fig. 6 . The ␤ F values of simulated ͑experimental͒ devices A-F are 9.8 ͑4.7͒, 39.9 ͑28.8͒, 62.9 ͑43.1͒, 62.6 ͑43.8͒, 50.2 ͑37.2͒, and 36.5 ͑32.1͒ at collector current density of J C = 10 −2 A/cm 2 , respectively. It is clearly seen that the dc current gain ␤ F drops dramatically when the emitter-edge-thinning thickness is lower than 100 Å or higher than 200 Å. The variation trend of experimental results is similar to that of the simulated data. This confirms again that the optimum emitteredge-thinning thickness of InGaP/GaAs HBTs is 100-200 Å. 
Conclusion
In conclusion, different emitter-edge-thinning thicknesses were applied on InGaP/GaAs HBTs to study the reduction of the surface recombination and surface channel phenomenon at the unpassivated base surface between base contact and emitter edge thinning. Theoretically, a stronger downward band bending at the edge of emitter edge thinning induced a potential saddle point, which remarkably increased the surface recombination. In addition, the decision of emitter-edge-thinning thickness played a key role in reducing surface recombination. The lowest recombination rate and electron density and highest dc current gain could be obtained as the used emitter-edge-thinning thickness was between 100 and 200 Å. Furthermore, good agreement between the theoretical analyses and experimental results was found. Relationships between the dc current gain ␤ F and emitter-edgethinning thickness t for simulated and experimental devices under different collector current densities.
